1. Introduction {#sec1-nanomaterials-10-00814}
===============

Cement-based mortars and concretes are the most used material on Earth (4.1 Gt of cement were produced in 2017, according to Cembureau estimations \[[@B1-nanomaterials-10-00814]\]) and are responsible for about 4% of overall anthropic carbon dioxide emissions (1.46 ± 0.19 GtCO~2~ were released in 2016 due to cement production \[[@B2-nanomaterials-10-00814]\]). For these reasons, researchers are finding more eco-sustainable solutions such as the reuse of construction and demolition wastes (CDW), alkali-activation of waste materials, use of natural fibers instead of synthetic ones, natural aggregates substitution, self-healing materials, etc. \[[@B3-nanomaterials-10-00814],[@B4-nanomaterials-10-00814],[@B5-nanomaterials-10-00814],[@B6-nanomaterials-10-00814],[@B7-nanomaterials-10-00814],[@B8-nanomaterials-10-00814],[@B9-nanomaterials-10-00814]\]. However, while structural properties of the built environment have been deeply studied, relatively less attention has been dedicated to its functional properties and durability monitoring.

Indeed, in the last decades, structural health monitoring (SHM), i.e., systems and structures that can monitor their own structural integrity, attracted popularity in the civil engineering community \[[@B10-nanomaterials-10-00814],[@B11-nanomaterials-10-00814],[@B12-nanomaterials-10-00814],[@B13-nanomaterials-10-00814]\]. Compared to conventional techniques such as in-situ inspections or non-destructive testing (NDT), strain-sensitive sensors represent the latest developed smart systems for structures. This self-monitoring ability is achieved by correlating the change in the applied loads with electrical resistance or impedance variations of the material. Then, the stress or stress state can be estimated allowing the continuous monitoring of damage or microfractures behavior.

Many authors investigated the possibility to load cement-based materials with electrically conducting particles, such as carbon fibers \[[@B14-nanomaterials-10-00814],[@B15-nanomaterials-10-00814]\], steel fibers \[[@B16-nanomaterials-10-00814]\], carbon black \[[@B17-nanomaterials-10-00814]\], nickel powder \[[@B18-nanomaterials-10-00814]\] or carbon nanotubes (CNTs) \[[@B19-nanomaterials-10-00814],[@B20-nanomaterials-10-00814],[@B21-nanomaterials-10-00814],[@B22-nanomaterials-10-00814],[@B23-nanomaterials-10-00814],[@B24-nanomaterials-10-00814],[@B25-nanomaterials-10-00814]\]. In particular, the remarkable mechanical and electrical properties of CNTs suggest that they are ideal candidates for creating smart nanocomposites both in cementitious and polymeric materials.

However, even if the electrical conductivity of cementitious materials is significantly increased while maintaining or even improving their mechanical properties, their implementation is limited due to several environmental factors (such as humidity and temperature) affecting the measurement \[[@B26-nanomaterials-10-00814],[@B27-nanomaterials-10-00814],[@B28-nanomaterials-10-00814],[@B29-nanomaterials-10-00814],[@B30-nanomaterials-10-00814]\]. Moreover, the huge amount of fillers to be used in the bulk matrix as well as, the potential toxicity of functionalized CNTs when mixed on-site \[[@B31-nanomaterials-10-00814]\], discourages their diffusion. For this reason, a viable strategy can be the use of polymer/CNTs nanocomposites as sensing materials. Indeed, several polymer/CNTs nanocomposites have been previously investigated and tested as strain-sensors, exploring the use of different polymer matrices: epoxy resin \[[@B32-nanomaterials-10-00814],[@B33-nanomaterials-10-00814],[@B34-nanomaterials-10-00814]\], polymethyl methacrylate \[[@B35-nanomaterials-10-00814]\] and polypropylene \[[@B36-nanomaterials-10-00814],[@B37-nanomaterials-10-00814],[@B38-nanomaterials-10-00814],[@B39-nanomaterials-10-00814],[@B40-nanomaterials-10-00814],[@B41-nanomaterials-10-00814],[@B42-nanomaterials-10-00814]\]. Polymer/CNTs are excellent sensing materials if the electrical percolation threshold (EPT) is exceeded. Among the previously cited polymers, polypropylene (PP) is one of the most used polymer thanks to its good mechanical properties and chemical resistance (i.e., PP fibers are chemically inert into the alkaline environment typical of cementitious materials). In particular, polypropylene fibers are generally used to avoid shrinkage cracking phenomena or concrete spalling \[[@B43-nanomaterials-10-00814],[@B44-nanomaterials-10-00814],[@B45-nanomaterials-10-00814],[@B46-nanomaterials-10-00814]\]. However, one of the main concerns in PP/CNT nanocomposites preparation is CNTs dispersion in the polymer matrix that, if not properly performed, significantly influences polymer/CNT nanocomposite properties, particularly mechanical and electrical properties. To overcome this drawback, several strategies have been adopted such as processing parameters variation, use of a low-molecular weight polymer and CNTs functionalization \[[@B47-nanomaterials-10-00814],[@B48-nanomaterials-10-00814],[@B49-nanomaterials-10-00814],[@B50-nanomaterials-10-00814]\]. Furthermore, an important advantage in the preparation of PP/CNT strain-sensors lies in their flexibility. As reported elsewhere, it is important to have flexible strain-sensors in order to be easily used in several fields of application \[[@B51-nanomaterials-10-00814],[@B52-nanomaterials-10-00814]\].

Even if several authors investigated sensing ability of PP/CNT alone \[[@B36-nanomaterials-10-00814],[@B37-nanomaterials-10-00814],[@B38-nanomaterials-10-00814],[@B39-nanomaterials-10-00814],[@B40-nanomaterials-10-00814],[@B41-nanomaterials-10-00814],[@B42-nanomaterials-10-00814]\], to the best of our knowledge, no studies investigated the possibility to use PP/CNT strain sensors directly embedded in cementitious materials. Several authors proposed the use of sensing skins or sensing elements to be applied on external surfaces of buildings/infrastructures \[[@B53-nanomaterials-10-00814],[@B54-nanomaterials-10-00814],[@B55-nanomaterials-10-00814],[@B56-nanomaterials-10-00814],[@B57-nanomaterials-10-00814]\]. Nevertheless, the application of sensing skins requires specialized technicians and constant maintenance due to durability issues, increasing the cost and delaying the entry into service of the building or the infrastructure.

Finally, very recently, numerous authors investigated the possibility to prepare conductive elements made with polymer nanocomposites via dry printing \[[@B58-nanomaterials-10-00814],[@B59-nanomaterials-10-00814]\], inkjet printing \[[@B60-nanomaterials-10-00814],[@B61-nanomaterials-10-00814]\] or 3D printing \[[@B62-nanomaterials-10-00814],[@B63-nanomaterials-10-00814],[@B64-nanomaterials-10-00814],[@B65-nanomaterials-10-00814]\]. However, while such systems require new processing instruments, in some cases very expensive, polymer extrusion is easier and can keep low the costs of the produced parts, resulting to be useful for large scale applications such as building and construction sector.

The aim of this work was to produce PP/CNT sensors to be used in the field of SHM of cementitious structures. In particular, the novelty of this work lies on the easy and safe preparation of cheap strain gauge sensors for SHM. Indeed, as already underlined, most of the previous works in the field of SHM for cementitious materials investigated the possibility to use CNTs or other conductive fillers in bulk, posing several risks for the human health that discourages their use. In this work, PP/CNTs blends (1, 2, 3, 5 and 7 wt%, respectively) were prepared via a melt-compounding process by using a twin-screw extruder. Then, PP/CNT nanocomposite strips were extruded with a single-screw extruder and embedded in a cementitious mortar. Finally, prismatic mortar samples containing PP/CNT nanocomposite strips were submitted to measurements of electric impedance under load during three points bending tests.

2. Materials and Methods {#sec2-nanomaterials-10-00814}
========================

2.1. Materials {#sec2dot1-nanomaterials-10-00814}
--------------

Polypropylene Hi-Prene M710 (GS-Caltex, Seoul, South Korea) was used as matrix. A conductive PP-based masterbatch (PLASTICYL PP2001) containing multiwalled CNTs (MWCNT, 20 wt%, Nanocyl NC7000) was used for composites preparation (Nanocyl, Sambreville, Belgium). According to Nanocyl datasheets, the average diameter, the average length and the carbon purity of NC7000 MWCNT are 9.5 nm, 1.5 μm and 90%, respectively.

2.2. Preparation of PP/CNT Composites {#sec2dot2-nanomaterials-10-00814}
-------------------------------------

PP/CNT composites were prepared via melt-compounding using a twin-screw extruder (Dr. Collin GmbH-ZK 25-48D, Ebersberg, Germany) operating at 150 rpm with a flat temperature profile of 210 °C. PP matrix and PP2001 pellets were opportunely mixed to dilute the initial CNT concentration (i.e., 20 wt%) to five fixed concentrations: 1, 2, 3, 5 and 7 wt%, respectively. Therefore, PP/CNT composites nomenclature indicates MWCNT concentration (e.g., PP/CNT-5 is the mixture containing 5 wt% of MWCNT). PP/CNT pellets were produced using a laboratory pelletizer from the extruded strand which was quenched using a cold water bath.

PP/CNT strips were prepared with the PP/CNT pellets using a single-screw extruder (Brabender Do-Corder E330, D~screw~ = 20 mm, L/D = 20, Duisburg, Germany) equipped with a slit die of 1 × 30 mm^2^. The extrusion was carried out with a flat temperature profile of 200 °C and a screw speed of 20 rpm. Strips were collected on a take up system with air cooling to obtain a final thickness and width of 0.8 and 25 mm respectively. Then, as-extruded strips were cut for mechanical and impedance measurements tests.

2.3. PP/CNT Composites Characterization {#sec2dot3-nanomaterials-10-00814}
---------------------------------------

Thermogravimetric analysis (TGA) was carried out on PP and PP/CNT from 25 to 800 °C under nitrogen atmosphere (50 mL/min) at 10 °C/min (Mettler TC-10 Mettler-Toledo, Columbus, OH, USA). Differential scanning calorimetry (DSC) was performed on PP and PP/CNT strips (DSC 822e, Mettler-Toledo, Columbus, OH, USA) performing the following thermal cycle under nitrogen atmosphere: a first heating at 10 °C/min from −50 °C to 200 °C, a dwell at 200 °C for 10 min, a cooling down to −50 °C and a second heating up to 200 °C at the same heating rate. The degree of crystallinity, Xc, of the different samples was calculated by the following equation (Equation (1)):$${Xc}\left( \% \right) = \frac{\Delta H_{m}}{\left( {1 - \phi} \right)\Delta H_{100}} \cdot 100$$ where Δ*H~m~* is the heat of crystallization of the analyzed sample (J/g), Δ*H*~100~ is a reference value that represents the heat of crystallization for a 100% crystalline polymer (209 J/g for a 100% crystalline PP \[[@B36-nanomaterials-10-00814],[@B66-nanomaterials-10-00814]\]), and *ϕ* is the CNT weight percentage.

Tensile tests were conducted on rectangular strips (12 cm long having a gauge length of 5 cm) according to ASTM D638 and ISO 527-1 using a universal testing machine (Sans CMT6000 series, Shenzhen City, China) equipped with a load cell of 1 kN. Tensile tests were performed at two crosshead speeds (5 and 100 mm/min) for determining the elastic modulus (E) and properties at failure (stress at break, σ~b~, and strain at break, ε~b~). Mechanical properties are the average of at least ten measurements conducted for each composition.

X-ray Diffraction (XRD) analysis was performed on strips surface and spectra were recorded using a Pan'Analytical X'Pert Pro instrument (Pan'Analytical, Almelo, The Netherlands) with CuKα radiation (λ = 0.154056 nm) in the 2θ range 10--30°. PP/CNT morphology was investigated using a FE-SEM (Zeiss Supra-40, Oberkochen, Germany) after sputtering samples with a thin coating of chromium.

2.4. Mortar Samples Preparation {#sec2dot4-nanomaterials-10-00814}
-------------------------------

PP/CNT strips were embedded in a cementitious mortar prepared according to EN 196-1 using a standard silica sand, Portland cement (CEM II/B-LL 32.5 R) and deionized water with an aggregate, cement, water proportion of 3:1:0.5. In particular, PP/CNT strips were located in the inferior part (1/3 from the bottom, where tensile stresses are higher) of a PMMA mold ([Figure 1](#nanomaterials-10-00814-f001){ref-type="fig"}a) before mortar casting. Prismatic specimens (40 mm × 40 mm × 160 mm) were then wrapped in a closed bag for one day, demolded and cured in water for 28 days at room temperature and air dried in the lab for 1 week before resistivity tests. Three samples for each PP/CNT mixture were tested.

2.5. Strain-Sensing Tests {#sec2dot5-nanomaterials-10-00814}
-------------------------

Self-sensing ability of PP/CNT composites were determined using a 3-point bending test on mortar samples containing PP/CNT strips ([Figure 1](#nanomaterials-10-00814-f001){ref-type="fig"}b). In particular, bending tests were carried out using a universal testing machine (Zwick Roell 2014, Ulm, Germany) equipped with a load cell of 50 kN at a strain rate of 0.25 mm/min. Tests were stopped at a maximum load of 1500 N to avoid sample failure and allow repetition of tests. Indeed, each sample was loaded and unloaded three times to verify measurements reproducibility and possible decay of the self-sensing ability over the time. Specimens strain (ε) was calculated according to \[[@B67-nanomaterials-10-00814]\], using Equation (2):$$\mathsf{\varepsilon} = - \frac{My}{EI}$$ where *M* is the flexural moment (kNm), *y* is the distance from the specimen centroid to the tension surface (m), *E* is the Young's modulus (GPa), and *I* is the moment of inertia of the specimen cross section (m^4^). PP/CNT resistivity was assessed considering impedance variation (Δ*Z*) under load. Impedance, *Z*, was measured using an impedance analyzer (LCR meter IM3533-01, HIOKI EE. Corp., Nagano, Japan) imposing a ΔV of 1 V and a frequency of 5 kHz ([Figure 1](#nanomaterials-10-00814-f001){ref-type="fig"}b). At this working frequency, the instrument used guaranties an accurate measurement of the impedance in the range 10 mΩ--200 MΩ. The fractional change in electrical impedance, Δ*Z~f~*, was calculated as the ratio between impedance variation, due to the applied strains, and initial impedance, according to Equation (3):$$\Delta Z_{f}(\%) = \frac{\Delta Z}{Z_{0}} \cdot 100$$

Finally, the Gauge Factor (GF) was calculated as following (Equation (4)):$${GF} = \frac{\Delta Z_{f}}{\mathsf{\varepsilon}}$$

In this work, impedance was measured instead of resistance, to eventually detect capacitive effects \[[@B68-nanomaterials-10-00814]\]. However, the phase angle was always below 5°, indicating that the CNTs rather behave as pure resistors than capacitors.

3. Results {#sec3-nanomaterials-10-00814}
==========

3.1. PP/CNT Composites Characterization {#sec3dot1-nanomaterials-10-00814}
---------------------------------------

### 3.1.1. XRD Measurements {#sec3dot1dot1-nanomaterials-10-00814}

XRD patterns of neat PP and PP/CNT composites are reported in [Figure 2](#nanomaterials-10-00814-f002){ref-type="fig"}. Both neat PP and PP/CNT composites show the reflections characteristic of the crystalline α-form of PP at 2θ of 14.1° (110), 16.9° (040), 18.6° (130), 21.2° (111), 21.9° (131) and 25.5° (060) \[[@B36-nanomaterials-10-00814],[@B69-nanomaterials-10-00814],[@B70-nanomaterials-10-00814]\]. In addition, neat PP shows an additional peak at 2θ of 16.2° representative of the β-form (300) that disappears for PP/CNT composites. Indeed, it is well known that CNTs promote crystallization of the more stable α-form \[[@B71-nanomaterials-10-00814]\], as also evident from the increase of the intensity of the peaks corresponding to this crystalline phase. Moreover, to better analyze the influence of CNTs on the crystallographic morphology, full width at half-maximum (FWHM) values were determined for the peak at 14.1° 2θ corresponding to the lattice plane (110). At increasing CNTs content FWHM increases and, according to Scherrer's equation, the average thickness of crystallites decreases ([Figure 3](#nanomaterials-10-00814-f003){ref-type="fig"}). Das and Satapathy \[[@B72-nanomaterials-10-00814]\] attributed this trend to the nucleation effect exerted by CNTs because a faster nucleation process facilitates crystallite size reduction and monoclinic α-form formation.

### 3.1.2. Thermal Properties {#sec3dot1dot2-nanomaterials-10-00814}

The influence of CNTs on PP thermal properties (melting temperature, T~m~, enthalpy of fusion, Δ*H~m~*, and degree of crystallinity, Xc) were investigated using DSC and results are reported in [Table 1](#nanomaterials-10-00814-t001){ref-type="table"} and [Table 2](#nanomaterials-10-00814-t002){ref-type="table"} for the I and II heating, respectively. Melting temperature slightly decreases for PP/CNT nanocomposites compared to neat PP (approximatively 2 °C) due to a decrease of crystallites size, as previously discussed ([Section 3.1.1](#sec3dot1dot1-nanomaterials-10-00814){ref-type="sec"}). Coherently, T~m~ of Plasticyl is even lower due to the higher content of CNTs (i.e., 20 wt%).

With regard to the melting enthalpies (Δ*H~m~*), no dependency on the CNTs content can be recognized ([Table 1](#nanomaterials-10-00814-t001){ref-type="table"}). However, using these values to calculate the degree of crystallinity (Xc) a slight increase of Xc was measured for PP/CNT nanocomposites, compared to neat PP ([Table 1](#nanomaterials-10-00814-t001){ref-type="table"}). Considering thermal properties of the II heating (i.e., after removal of the thermal history due to processing conditions), no meaningful variations can be distinguished among the investigated samples in terms of melting temperature that is approx. 168 ± 1 °C ([Table 2](#nanomaterials-10-00814-t002){ref-type="table"}). On the contrary, crystallinity degree of PP/CNT nanocomposites is significantly higher compared to the one of neat PP. Firstly, the influence of processing conditions is removed during the II heating, meaning that the influence of ribbon drawing and air cooling during extrusion on the degree of crystallinity are removed. Then, the nucleation effect of CNTs leads to a constant degree of crystallinity for PP/CNTs nanocomposites, independently to the CNTs loading ([Table 2](#nanomaterials-10-00814-t002){ref-type="table"}). Indeed, even for the masterbatch (i.e., at the highest CNTs loading, 20 wt%) Xc is approx. the same as for the other PP/CNT nanocomposites. Similarly, Wang et al. \[[@B36-nanomaterials-10-00814]\], reported a progressive increase of the degree of crystallinity of PP/CNT nanocomposites up to CNTs concentrations of 1.5 wt% with a slight increase between 1.5 and 2.5 wt%.

TGA analyses were carried out to evaluate the effect of CNTs addition to PP thermal stability and degradation. [Figure 4](#nanomaterials-10-00814-f004){ref-type="fig"} reports degradation curves while in [Table 3](#nanomaterials-10-00814-t003){ref-type="table"} the degradation onset temperature (T~ONSET~) and temperatures corresponding to a weight loss of 25, 50 and 75% respect to the initial weight (T~25~, T~50~ and T~75~, respectively) are indicated. As evident, at increasing CNTs content the T~50~ is shifted towards higher temperatures, compared to the neat PP (inset of [Figure 4](#nanomaterials-10-00814-f004){ref-type="fig"}). In particular, T~50~ for neat PP is 431 °C and increases up to 464 °C for PP/CNT-7 corresponding to an increase of T~50~ of approx. 30 °C ([Table 3](#nanomaterials-10-00814-t003){ref-type="table"}). Finally, the highest increase was measured for the masterbatch (i.e., Plasticyl PP2001) that contains 20 wt% of CNTs. The sharp increase of thermal stability can be related to the barrier effect exerted by CNTs against degradation products transport, similarly to what already observed for other polymer nanocomposites \[[@B73-nanomaterials-10-00814],[@B74-nanomaterials-10-00814]\].

### 3.1.3. Mechanical Properties {#sec3dot1dot3-nanomaterials-10-00814}

Mechanical properties, in terms of elastic modulus (E), stress and strain at yield (σ~y~ and ε~y~, respectively), stress and strain at failure (σ~b~ and ε~b~, respectively) of neat PP and PP/CNT composites are reported in [Table 4](#nanomaterials-10-00814-t004){ref-type="table"}. Stress-strain curves have a similar trend but CNTs significantly influence mechanical properties, in particular elastic modulus and strain at failure (E and ε~b~, respectively). Indeed, at increasing CNTs content, an increase of elastic modulus was measured up to 5 wt% of CNTs content ([Figure 5](#nanomaterials-10-00814-f005){ref-type="fig"}a) coherently to what elsewhere reported for polymer nanocomposites \[[@B66-nanomaterials-10-00814],[@B75-nanomaterials-10-00814]\]. Then, a further increase of the CNTs concentration leads to a decrease of this property, as evident from the fitting proposed in [Figure 5](#nanomaterials-10-00814-f005){ref-type="fig"}a. Elastic modulus slightly increases at 1 wt% of CNTs content (+2%) while a more important increase was measured for higher CNTs loadings (+11%, 15% and 16% for 2, 3 and 5 wt% addition, respectively). Stress and strain at yield were not significantly affected by CNTs addition, reporting only a slight increase of stress at yield ([Table 4](#nanomaterials-10-00814-t004){ref-type="table"}). Also tensile strength was approximatively the same for PP and PP/CNTs nanocomposites ([Table 4](#nanomaterials-10-00814-t004){ref-type="table"}) while elongation at rupture sharply decreases at increasing CNTs content ([Figure 5](#nanomaterials-10-00814-f005){ref-type="fig"}b), as well known in the literature \[[@B66-nanomaterials-10-00814]\].

### 3.1.4. FE-SEM Micrographs {#sec3dot1dot4-nanomaterials-10-00814}

CNTs distribution and dispersion in PP/CNT nanocomposites were investigated using a FE-SEM. Micrographs took on cryogenically fractured surface of PP/CNT-3, PP/CNT-5 and PP/CNT-7 are reported in [Figure 6](#nanomaterials-10-00814-f006){ref-type="fig"} and [Figure 7](#nanomaterials-10-00814-f007){ref-type="fig"}. At lower magnifications ([Figure 6](#nanomaterials-10-00814-f006){ref-type="fig"}) it is possible to observe a good distribution of CNTs in the PP matrix and the progressive increase of CNTs amount (i.e., 3, 5 and 7 wt%) can be easily appreciated moving from [Figure 6](#nanomaterials-10-00814-f006){ref-type="fig"}a to [Figure 6](#nanomaterials-10-00814-f006){ref-type="fig"}c. However, at higher magnifications ([Figure 7](#nanomaterials-10-00814-f007){ref-type="fig"}), several agglomerates (indicated with white ellipsis in [Figure 7](#nanomaterials-10-00814-f007){ref-type="fig"}) can be recognized, in particular for PP/CNT-7 nanocomposites ([Figure 7](#nanomaterials-10-00814-f007){ref-type="fig"}c). Nevertheless, some dispersed tubes are also visible between these agglomerates (white arrows in [Figure 7](#nanomaterials-10-00814-f007){ref-type="fig"}). As reported elsewhere \[[@B36-nanomaterials-10-00814],[@B48-nanomaterials-10-00814],[@B49-nanomaterials-10-00814]\], CNTs agglomerates in the order of 500 nm are generally found and one strategy to reduce CNTs tendency to agglomerates is the use of low molecular weight polymers. As evident in [Figure 6](#nanomaterials-10-00814-f006){ref-type="fig"}, only in the case of the nanocomposite PP/CNT-7 agglomerates bigger than 1 μm can be found and such morphology can explain the decrease of mechanical properties measured for this nanocomposite ([Figure 5](#nanomaterials-10-00814-f005){ref-type="fig"}a). Moreover, the presence of agglomerates can also explain the progressive decrease of elongation at break measured for PP/CNT nanocomposites compared to neat PP ([Figure 5](#nanomaterials-10-00814-f005){ref-type="fig"}b).

In [Figure 8](#nanomaterials-10-00814-f008){ref-type="fig"} two detail micrographs showing a CNTs agglomerate ([Figure 8](#nanomaterials-10-00814-f008){ref-type="fig"}a) and CNTs spatial dispersion in the polymer matrix ([Figure 8](#nanomaterials-10-00814-f008){ref-type="fig"}b) are reported. No interfacial transition zone (ITZ) can be recognized between CNTs and PP ([Figure 8](#nanomaterials-10-00814-f008){ref-type="fig"}a) meaning a good wetting of CNTs by PP, responsible of the good mechanical properties obtained for PP/CNT nanocomposites. At higher magnifications ([Figure 8](#nanomaterials-10-00814-f008){ref-type="fig"}b), it is evident that CNTs are homogenously dispersed in the PP matrix even if they are entangled and curved. No CNTs were found on PP/CNT strips surfaces (micrographs not reported) due to the manufacturing process (i.e., the extrudate in a semi-molten phase is partially stretched and pressed by the take up system to confer the required shape). However, this is positive both in terms of safe handling and in terms of influence of environmental conditions on sensors response. With regard to safety, this means that no CNTs are exposed and all of them are embedded in the polymer matrix, excluding any possible dispersion in the air. Moreover, even if the cementitious substrate is wet or contains ions (for example deriving from de-icing salts), sensors electrical response is not influenced by environmental conditions. On the contrary, when CNTs are directly immersed in the bulk cementitious matrix, the surrounding environment directly influences sensing ability \[[@B26-nanomaterials-10-00814],[@B27-nanomaterials-10-00814],[@B28-nanomaterials-10-00814],[@B29-nanomaterials-10-00814]\].

3.2. Strain-Sensing Tests {#sec3dot2-nanomaterials-10-00814}
-------------------------

Impedance of the different PP/CNT nanocomposites was first measured using a two-probe LCR meter and the results are reported in [Figure 9](#nanomaterials-10-00814-f009){ref-type="fig"}. As evident, no meaningful impedance variations are recorded up to PP/CNT-5 nanocomposite, thus EPT should be comprised between 3 and 5 wt% of CNTs. Even if lower EPT values (approx. 1 wt% of CNTs) are reported elsewhere for similar formulations \[[@B76-nanomaterials-10-00814],[@B77-nanomaterials-10-00814]\], processing parameters, fabrication route and CNTs alignment greatly influence electrical properties of polymer/CNTs nanocomposites \[[@B78-nanomaterials-10-00814],[@B79-nanomaterials-10-00814]\]. Indeed, comparable results were found by Müller et al. \[[@B48-nanomaterials-10-00814]\] for polyethylene (PE) nanocomposites prepared with similar processing parameters (i.e., twin screw micro-compounder, 200 °C and 200 rpm). Authors reported that the EPT is above 2.5 wt% of CNTs loading and that the plateau region is not reached up to 6.0 wt% \[[@B48-nanomaterials-10-00814]\]. Accordingly, in our study a sharp impedance decrease was measured above 3 wt% ([Figure 9](#nanomaterials-10-00814-f009){ref-type="fig"}). At these CNTs weight fractions an elevated number of CNTs is homogeneously distributed in the PP matrix, as discussed before ([Figure 6](#nanomaterials-10-00814-f006){ref-type="fig"}). Therefore, impedance was measured only on mortar samples containing PP/CNT-3, PP/CNT-5 and PP/CNT-7 strips.

The results of the impedance measurements on PP/CNT-3, PP/CNT-5 and PP/CNT-7 samples are shown in [Figure 10](#nanomaterials-10-00814-f010){ref-type="fig"}, [Figure 11](#nanomaterials-10-00814-f011){ref-type="fig"} and [Figure 12](#nanomaterials-10-00814-f012){ref-type="fig"}, respectively. PP/CNT-3 nanocomposites reported an impedance decrease under load, starting from approx. 250 N and then exhibited a constant value after approx. 1000 N ([Figure 10](#nanomaterials-10-00814-f010){ref-type="fig"}a). This behavior can be explained considering that EPT is not yet reached (as observed in [Figure 7](#nanomaterials-10-00814-f007){ref-type="fig"}a) and once the load is applied, CNTs reorganization occurs due to the applied strain and Poisson's ratio \[[@B32-nanomaterials-10-00814]\]. This modification in the CNTs spatial morphology leads to a slight decrease of impedance for PP/CNT-3 nanocomposites (Δ*Z* = 13 MΩ, considered as absolute value, [Table 5](#nanomaterials-10-00814-t005){ref-type="table"}) because CNTs tend to get closer under load. Repeated load/unload tests were done to verify measurement repeatability and the results are reported in [Figure 10](#nanomaterials-10-00814-f010){ref-type="fig"}b. As evident, even after three tests, the starting impedance is recovered when the sample is unloaded meaning a good reproducibility of the test and that PP/CNT nanocomposites are not damaged after testing.

On the contrary, above EPT (i.e., for PP/CNT-5 and PP/CNT-7 nanocomposites, [Figure 11](#nanomaterials-10-00814-f011){ref-type="fig"} and [Figure 12](#nanomaterials-10-00814-f012){ref-type="fig"}, respectively) a different behavior is recognizable. In these nanocomposites, the applied strain and Poisson's ratio disentangle CNTs agglomerates and increase the distance between single CNTs. In the case of PP/CNT-5 nanocomposites, i.e., in the EPT region ([Figure 9](#nanomaterials-10-00814-f009){ref-type="fig"}), the variation of the conductive network results in a very high impedance variation (Δ*Z* = 113 MΩ, [Table 5](#nanomaterials-10-00814-t005){ref-type="table"}). This result can be explained considering the contextual modification of the distance between adjacent CNTs, affecting the tunneling effect, and the loss of contacts in CNTs agglomerates. Indeed, in the case of small strains, the tunneling effect determines electrical properties variations \[[@B32-nanomaterials-10-00814]\]. Finally, because of the very high CNTs content in the PP/CNT-7 nanocomposite, even if the conductive network experience some modifications, the impedance variation is very low (Δ*Z* = 0.26 MΩ, [Table 5](#nanomaterials-10-00814-t005){ref-type="table"}).

With regard to repeated tests, also in the case of PP/CNT-5 and PP/CNT-7 nanocomposites, the reproducibility of the measurement and the recovery of the initial impedance value after load removal were confirmed ([Figure 11](#nanomaterials-10-00814-f011){ref-type="fig"}b and [Figure 12](#nanomaterials-10-00814-f012){ref-type="fig"}b, respectively), contrarily to what reported by Naeem et al. \[[@B67-nanomaterials-10-00814]\] for MWNT/cement composites. Indeed, even small strains are able to rearrange CNTs fillers distribution in cementitious materials, on the contrary, the advantage in the use of PP/CNT nanocomposites strips, is represented by the use of a flexible material that recover its original properties.

[Table 5](#nanomaterials-10-00814-t005){ref-type="table"} summarizes strain-sensing tests results in terms of impedance variation (Δ*Z*) and fractional change in electrical impedance (Δ*Z~f~*). As stated before, PP/CNT-5 nanocomposites reported the highest Δ*Z* (113 ± 34 MΩ) and, consequently, Δ*Z~f~* (692 ± 73%), at the maximum reached load (i.e., 1500 N), compared to the other investigated nanocomposites (i.e., PP/CNT-3 and PP/CNT-7, [Table 5](#nanomaterials-10-00814-t005){ref-type="table"}). According to the literature \[[@B32-nanomaterials-10-00814],[@B35-nanomaterials-10-00814]\], higher sensitivity is obtained for nanocomposites near EPT, confirming what previously stated.

The average GF at the maximum achieved strain (approx. 0.55%) of the investigated nanocomposites was calculated according to Equation (4) and the determined values are reported in [Table 5](#nanomaterials-10-00814-t005){ref-type="table"}. Moreover, the relationship between the fractional change in electrical impedance (Δ*Z~f~*) and the strain for two representative samples is reported in [Figure 13](#nanomaterials-10-00814-f013){ref-type="fig"}a. As evident, a strong linear relationship exists between Δ*Z~f~* and the strain above the minimum value of strain necessary to detect the strain variation. In particular, such value is slightly lower for PP/CNT-7 nanocomposites (approx. 0.13%) compared to PP/CNT-5 strips (approx. 0.19%). Then, above this strain detection threshold, PP/CNT-5 has a considerably higher GF compared to PP/CNT-7 nanocomposites. In [Figure 13](#nanomaterials-10-00814-f013){ref-type="fig"}b, the GF of PP/CNT-5 and PP/CNT-7 strips at fixed strains (i.e., 0.15%, 0.20% and 0.40%, respectively) are reported. As evident, PP/CNT-5 and PP/CNT-7 have similar GF up to 0.20% of strain (approx. 250 at 0.20%) while a sharp difference is recognizable at 0.40% of strain (approx. 1300 and 400 for PP/CNT-5 and PP/CNT-7, respectively). GF decreases at increasing CNTs contents ([Figure 13](#nanomaterials-10-00814-f013){ref-type="fig"}b), as reported also elsewhere \[[@B32-nanomaterials-10-00814]\], but linearity (i.e., *R*^2^) slightly increases ([Figure 13](#nanomaterials-10-00814-f013){ref-type="fig"}a).

A comparison of the results, in terms of GF, obtained in this work with some papers dealing with strain-sensing cementitious materials are reported in [Figure 14](#nanomaterials-10-00814-f014){ref-type="fig"}. However, a direct comparison is difficult because the strain sensing ability is affected by several parameters: testing mode (compression and tension) \[[@B80-nanomaterials-10-00814]\], load rate \[[@B81-nanomaterials-10-00814]\], conductive filler (CNF, CNT etc) \[[@B82-nanomaterials-10-00814]\], cementitious material (paste, mortar or concrete) \[[@B25-nanomaterials-10-00814]\], etc. Nevertheless, it is evident that the GF for PP/CNT-5 and PP/CNT-7 at 0.20% of strain is higher than the GF of most of the previous published works here used as comparison ([Figure 14](#nanomaterials-10-00814-f014){ref-type="fig"}) \[[@B19-nanomaterials-10-00814],[@B25-nanomaterials-10-00814],[@B80-nanomaterials-10-00814],[@B82-nanomaterials-10-00814],[@B83-nanomaterials-10-00814],[@B84-nanomaterials-10-00814],[@B85-nanomaterials-10-00814],[@B86-nanomaterials-10-00814],[@B87-nanomaterials-10-00814],[@B88-nanomaterials-10-00814],[@B89-nanomaterials-10-00814],[@B90-nanomaterials-10-00814],[@B91-nanomaterials-10-00814]\]. Moreover, PP/CNT-5 nanocomposites at 0.40% of strain have the highest GF among the compared works ([Figure 14](#nanomaterials-10-00814-f014){ref-type="fig"}) \[[@B19-nanomaterials-10-00814],[@B25-nanomaterials-10-00814],[@B80-nanomaterials-10-00814],[@B82-nanomaterials-10-00814],[@B83-nanomaterials-10-00814],[@B84-nanomaterials-10-00814],[@B85-nanomaterials-10-00814],[@B86-nanomaterials-10-00814],[@B87-nanomaterials-10-00814],[@B88-nanomaterials-10-00814],[@B89-nanomaterials-10-00814],[@B90-nanomaterials-10-00814],[@B91-nanomaterials-10-00814],[@B92-nanomaterials-10-00814],[@B93-nanomaterials-10-00814],[@B94-nanomaterials-10-00814]\]. Finally, it should be considered that the amount of CNTs used in this work is limited compared to the previous published papers investigating the use of conductive fillers in the bulk cementitious matrix.

4. Conclusions {#sec4-nanomaterials-10-00814}
==============

In this study, for the first time, strips of PP/CNT nanocomposites prepared via melt-compounding are embedded in a cementitious mortar as potential strain gauges for structural health monitoring. First, a series of PP/CNT nanocomposites (i.e., 1, 2, 3, 5 and 7 wt%) were prepared via melt-compounding in a twin-screw extruder. Then, ribbon-shaped sensors were extruded using a single-screw extruder. The effects of CNTs loading on the thermal (DSC and TGA), mechanical and morphological properties of PP/CNT nanocomposites were investigated. From XRD measurements, it has been found that CNTs promoted crystallization of the more stable α-form as β-form was found only in the neat PP. Moreover, at increasing CNTs content, the average crystallites size decreases, as calculated using Scherrer's equation. Coherently, melting temperature of PP/CNT nanocomposites slightly decreases compared to neat PP, as measured with DSC analysis. Moreover, a significant increase of crystallinity degree was measured for PP/CNT nanocomposites, respect to the neat PP, during the second heating ramp. TGA reported a very high increase of thermal stability for PP/CNT nanocomposites (e.g., T~50~ increases of approx. 30 °C from the neat PP to PP/CNT-7). CNTs significantly influenced PP/CNTs mechanical properties, in particular elastic modulus and strain at failure. Elastic modulus slightly increased for low CNTs content (+2% for PP/CNT-1) while a higher increase was measured for the other nanocomposites (+11%, 15% and 16% for PP/CNT-2, PP/CNT-3 and PP/CNT-5, respectively). A further increase of CNTs content led to a decrease of elastic modulus but it was still higher than neat PP (+12%). On the contrary, elongation at rupture sharply decreases at increasing CNTs content. FE-SEM micrographs reported a good distribution of CNTs in the PP matrix even if some agglomerates, representative of a limited CNTs dispersion, were evident at increasing CNTs loading. Finally, for the first time, strain-sensing ability of PP/CNT nanocomposites embedded into a cementitious mortar was investigated measuring impedance variation. PP/CNT-1 and PP/CNT-2 did not show significant results because well below the EPT (that is between 3 and 5 wt% of CNTs) while PP/CNT composites with 3, 5 and 7 wt% of CNTs showed very good results. Indeed, impedance started to increase even at very low loads (between 350--450 N) and returned to the initial value once the load was removed. PP/CNT-5 nanocomposites showed the best result with an impedance variation of 113 MΩ corresponding to a Δ*Z~f~* of approx. 690%. Moreover, an evident linear relationship (*R*^2^ of 0.98--0.99) exists between Δ*Z~f~* and the strain (above the strain detection threshold that is approx. 0.13% and 0.19% for PP/CNT-7 and PP/CNT-5, respectively). However, PP/CNT-5 and PP/CNT-7 have similar GF up to 0.20% of strain (approx. 250 at 0.20%) while a sharp difference is recognizable at 0.40% of strain (approx. 1300 and 400 for PP/CNT-5 and PP/CNT-7, respectively). These GF values are well above most of the previous published work investigating the use of conductive fillers in the bulk cementitious matrix.

In conclusion, PP/CNT nanocomposites are cheap potential strain gauge sensors for SHM. Future work will be devoted to the ageing of the proposed sensors when submitted to freeze-thaw cycles as well as to the investigation of their response in function of the temperature and of the samples' humidity content.
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![(**a**) Polypropylene/carbon nanotubes (PP/CNT) strips in the PMMA mold and (**b**) impedance measurement setup.](nanomaterials-10-00814-g001){#nanomaterials-10-00814-f001}

![XRD patterns of PP and PP/CNT nanocomposites in the 10--30° 2θ range (\* is a peak corresponding to catalyst residue).](nanomaterials-10-00814-g002){#nanomaterials-10-00814-f002}

![Crystallite size determined using Scherrer's equation for the lattice plane (110) at 14.1°.](nanomaterials-10-00814-g003){#nanomaterials-10-00814-f003}

![Weight loss of PP and PP/CNT nanocomposites (detail in the range 350--500 °C in the inset).](nanomaterials-10-00814-g004){#nanomaterials-10-00814-f004}

![(**a**) Elastic modulus and (**b**) strain at failure as a function of carbon nanotubes (CNTs) wt% content.](nanomaterials-10-00814-g005){#nanomaterials-10-00814-f005}

![(**a**) PP/CNT-3, (**b**) PP/CNT-5 and (**c**) PP/CNT-7.](nanomaterials-10-00814-g006){#nanomaterials-10-00814-f006}

![(**a**) PP/CNT-3, (**b**) PP/CNT-5 and (**c**) PP/CNT-7. White arrows indicate single dispersed CNTs; white ellipsis indicate CNTs agglomerates.](nanomaterials-10-00814-g007){#nanomaterials-10-00814-f007}

![(**a**) CNTs agglomerate and (**b**) detail of CNTs.](nanomaterials-10-00814-g008){#nanomaterials-10-00814-f008}

![Impedance of the different PP/CNT nanocomposites strips.](nanomaterials-10-00814-g009){#nanomaterials-10-00814-f009}

![Impedance value for PP/CNT-3 nanocomposites. (**a**) Impedance (Z) variation vs. load and (**b**) load/unload cycles.](nanomaterials-10-00814-g010){#nanomaterials-10-00814-f010}

![Impedance value for PP/CNT-5 nanocomposites. (**a**) Impedance (Z) variation vs. load and (**b**) load/unload cycles.](nanomaterials-10-00814-g011){#nanomaterials-10-00814-f011}

![Impedance value for PP/CNT-7 nanocomposites. (**a**) Impedance (Z) variation vs. load and (**b**) load/unload cycles.](nanomaterials-10-00814-g012){#nanomaterials-10-00814-f012}

![(**a**) fractional change in electrical impedance (Δ*Z~f~*) as a function of strain and (**b**) Gauge Factor (GF) at fixed strains (i.e., 0.15%, 0.20% and 0.40%, respectively) for PP/CNT-5 and PP/CNT-7 nanocomposites.](nanomaterials-10-00814-g013){#nanomaterials-10-00814-f013}

![Comparison of the GF of different strain-sensing cementitious materials.](nanomaterials-10-00814-g014){#nanomaterials-10-00814-f014}

nanomaterials-10-00814-t001_Table 1

###### 

Melting temperature (T~m~), enthalpy of fusion (Δ*H~m~*) and degree of crystallinity (Xc) of PP, Plasticyl PP2001 and PP/CNT composites as determined during the first heating.

  Sample             T~m~ (°C)   Δ*H~m~* (J/g)   X~c~ (%)
  ------------------ ----------- --------------- ----------
  PP                 169.77      71.39           34
  Plasticyl PP2001   165.28      65.53           39
  PP/CNT-1           167.84      75.70           37
  PP/CNT-2           167.44      75.65           37
  PP/CNT-3           167.73      66.12           33
  PP/CNT-5           167.66      82.07           41
  PP/CNT-7           167.75      72.70           37

nanomaterials-10-00814-t002_Table 2

###### 

Melting temperature (T~m~), enthalpy of fusion (Δ*H~m~*) and degree of crystallinity (Xc) of PP, Plasticyl PP2001 and PP/CNT composites as determined during the second heating.

  Sample             T~m~ (°C)   Δ*H~m~* (J/g)   X~c~ (%)
  ------------------ ----------- --------------- ----------
  PP                 168.85      48.01           23
  Plasticyl PP2001   166.28      67.80           41
  PP/CNT-1           168.53      82.21           40
  PP/CNT-2           167.47      70.88           35
  PP/CNT-3           167.42      71.17           35
  PP/CNT-5           168.32      74.55           38
  PP/CNT-7           167.70      75.50           39

nanomaterials-10-00814-t003_Table 3

###### 

Degradation onset temperature (T~ONSET~) and temperatures corresponding to a weight loss of 25, 50 and 75% respect to the initial weight.

  Sample             T~ONSET~ (°C)   T~25~ (°C)   T~50~ (°C)   T~75~ (°C)
  ------------------ --------------- ------------ ------------ ------------
  PP                 398             411          431          444
  Plasticyl PP2001   440             458          467          478
  PP/CNT-1           390             416          437          453
  PP/CNT-2           423             437          454          465
  PP/CNT-3           437             451          461          469
  PP/CNT-5           434             449          460          468
  PP/CNT-7           435             455          464          471

nanomaterials-10-00814-t004_Table 4

###### 

Mechanical properties of PP and PP/CNT nanocomposites as determined via tensile tests (results are the average of ten measurements).

                 E (MPa)    σ~y~ (MPa)    ε~y~ (%)      σ~b~ (MPa)     ε~b~ (%)
  -------------- ---------- ------------- ------------- -------------- ----------
  **PP**         799 ± 43   7.31 ± 0.28   1.10 ± 0.01   20.30 ± 1.00   704 ± 61
  **PP/CNT-1**   819 ± 36   7.89 ± 0.37   1.11 ± 0.01   21.01 ± 1.28   172 ± 54
  **PP/CNT-2**   890 ± 43   8.44 ± 0.45   1.10 ± 0.01   21.94 ± 0.99   99 ± 39
  **PP/CNT-3**   918 ± 45   8.10 ± 0.31   1.03 ± 0.01   19.79 ± 1.10   78 ± 22
  **PP/CNT-5**   926 ± 32   8.12 ± 0.22   1.04 ± 0.01   22.46 ± 1.97   62 ± 15
  **PP/CNT-7**   893 ± 37   8.13 ± 0.44   1.04 ± 0.01   21.50 ± 2.22   54 ± 20

nanomaterials-10-00814-t005_Table 5

###### 

Summary of results: min and max impedance value (*Z*~MIN~ and *Z*~MAX~, respectively), impedance variation (Δ*Z*), fractional change in electrical impedance (Δ*Z~f~*) and Gauge Factor (GF).

  CNT (wt%)   *Z*~MIN~ (MΩ)   *Z*~MAX~ (MΩ)   Δ*Z* (MΩ)     Δ*Z~f~* (%)   GF
  ----------- --------------- --------------- ------------- ------------- ------------
  3           126 ±0.03       140 ± 2         13 ± 2        11 ± 1        16.6 ± 0.3
  5           16 ± 3.77       129 ± 38        113 ± 34      692 ± 73      1416 ± 28
  7           0.15 ± 0.02     0.41 ± 0.03     0.26 ± 0.03   172 ± 33      370 ± 67
